Abstract-This paper presents a calibrated measurement technique that enables phase and magnitude measurements of wideband multisines. This study is based on the use of a large-signal network analyzer (LSNA) performing harmonic sub-sampling and a fine frequency grid (20 MHz) comb generator calibrated using a high-frequency 50-GHz equivalent-time sampling scope. This comb generator is used as a harmonic phase reference generator for the calibration of the LSNA.
I. INTRODUCTION
T IME-DOMAIN waveform measurements of microwave signals have been widely performed during the last decade for the characterization of nonlinear microwave devices. The need for a measurement setup having a good dynamic range (in the order of 60 dB) along with a fast measurement time and a small time base distortion has led to the use of large-signal network analyzers (LSNAs) instead of sampling scopes. LSNA measurements are based on a sub-sampling procedure. Using this approach, microwave signals up to 50 GHz can be frequency translated and compressed within a 10-MHz IF bandwidth and then digitized using high dynamic-range analog-to-digital converters (ADCs).
To perform accurate LSNA measurements, one must first ensure that different RF frequencies do not fold down to the same IF frequencies during the sampling conversion. Next, F. Verbeyst is with NMDG NV, B-2880 Bornem, Belgium (e-mail: frans.verbeyst@nmdg.be).
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Digital Object Identifier 10.1109/TMTT.2008.921645 a three-step calibration procedure is needed in order to get accurate time-domain waveforms. It consists of a conventional short-open-load-thru (SOLT), thru-reflect-line (TRL), or linereflect-reflect-match (LRRM) relative calibration, an absolute power calibration using a power meter and an absolute phase calibration using a harmonic phase reference (HPR) generator. The phase calibration is a key point of the calibration procedure [1] and is problematic in the case of wideband modulated signal measurements. This phase-calibration procedure is the main focus of this paper. The aim of this phase calibration is to determine the phase distortion introduced by the LSNA. The phase calibration is required to determine the group-delay variations of each measurement channel. For that purpose, an HPR generator must be used. The commercially available HPR generator supplied with the Maury LSNA (Model MT4463A) is a comb generator driven by a sinusoidal input signal having a frequency that can be set between 600 MHz-1.2 GHz. This reference generator produces significant harmonic components at its output up to 50 GHz. It is characterized using a 50-GHz equivalent-time scope calibrated using either the nose-to-nose technique [2] , [3] or the electro-optic sampling technique [4] , which is a metrology technique traceable to the NIST. Phase relationships between harmonic spectral components generated by the HPR generator are given in a calibration data file. Today,time-domainLSNAmeasurementsofnonlineardevices driven by continuous wave (CW) signals are well established. They have contributed to the experimental optimization of operation classes of transistors for high-efficiency amplifier designs [5] - [7] . LSNA measurements using high-impedance probes enable voltage measurements at internal nodes of monolithic microwave integrated circuits [8] - [10] . RF pulsed operation is also interesting for the characterization and modeling of high-power transistors, where thermal aspects pose additional challenges [11] . Mixer measurements have also been reported [12] , [13] . In the previously mentioned research, the spectral components of the signals (carriers and harmonics or mixing products) must be set on a frequency grid having a minimum frequency step of 600 MHz and a maximum frequency step of 1.2 GHz. This is related to the frequency grids used for the calibration of the commercially available HPR generator.
Multisines having frequency spacing between a few tens of kilohertz and approximately 20 MHz are useful for the characterization of nonlinear devices. A quite simple two-tone signal is useful for linearity characterization of power amplifiers with memory [14] . It can also be useful for the fast load-pull measurements of power transistors [15] . Multisines are also useful for the purpose of behavioral modeling [16] . In that particular case, the required frequency grid is much lower than 600 MHz and must be accommodated to the frequency spacing of multisine test signals. Using the LSNA technique for multisine measurements, two main difficulties must be carefully examined.
First, a multisine phase calibrated generator must be used for the phase calibration of the LSNA. Solutions have been proposed for narrow-bandwidth multisine reference generators [17] , [18] . However, wideband communication systems like satellite communication systems may require a bandwidth up to 250 MHz.
Second, when multisine RF signals have a bandwidth larger than 10 MHz, multiple harmonic mixing products occur in the down-converter stage and fall within the IF bandwidth of the instrument. This results in a quite complex frequency compressed IF spectrum. A way to accurately determine phase relationships between RF spectral components and IF scrambled spectral components has been proposed in [19] . It consists in measuring several narrow bandwidths, which are carefully interleaved. Applying spectral stitching [20] , phase relationships between tones of adjacent bandwidths can be extracted. Nevertheless, this solution is not very straightforward and suffers from errors such that the uncertainty of the phase increases when moving toward both edges of the modulation frequency range.
In this section, we present a more straightforward technique, which is based on the use of a new HPR generator having a 20-MHz frequency grid. This reference phase generator has been calibrated by NMDG using an equivalent-time sampling scope. It can be argued that a finer frequency grid would have been better, but we found that 20 MHz was a good compromise for our application, which is the characterization of wideband 80-MHz multisines. This signal is very appropriate to study the multipactor effect in satellite payloads. As a consequence, in this paper, we propose to use a new HPR generator, which consists of a multisine covering the entire bandwidth (20 MHz-4 GHz) with a 20-MHz frequency spacing. The proposed technique is similar to the one reported in [21] and [22] . The technique presented here is a sampler-based technique, while the technique reported in [21] and [22] is a mixer-based technique. In mixer-based techniques, the different tones of the signals are sequentially measured. This technique requires an addition fifth channel connected to a harmonic phase generator for phase relationship measurements [7] . In sampler-based techniques, all the tones of interest are measured simultaneously.
In Section II, we give an overview of the basic problems encountered when wideband multisines are measured using the LSNA. The proposed approach for wideband multisine measurements is then explained.
Section III is dedicated to the description of the specific new HPR generator and its use for LSNA calibration. The HPR generator calibration procedure is also explained.
In Section IV, some measurement results are shown and discussed. To conclude, the future use of our calibrated setup is highlighted for multipactor characterization in satellite payloads. 
II. WIDEBAND MULTISINE MEASUREMENTS USING THE LSNA
In this section, the basic measurement principle of the LSNA is briefly reviewed for CW microwave signal and harmonics measurements. A block diagram that illustrates the harmonic sub-sampling technique performed by the synchronized four channel LSNA is given in Fig. 1 . Fig. 2 gives a frequency and a time-domain representations of signals at Points A-F of Fig. 1 when the RF signal at Point C is a CW signal at a frequency . A low-pass filter is used to extract the IF image of the RF signal. The cutoff frequency of the low-pass filter needs to be lower than An ADC is then used to sample the IF signal. samples of raw data are recorded. A calibration procedure for wideband multisine measurement is required to get error-corrected data. 3 illustrates the RF to IF frequency translation and compression mechanisms when the input RF signal at Point C is now composed of the first three harmonics of an RF tone at a frequency . The second graph of the Fig. 3 represents, at Point B, the spectrum of the strobe signal required for the sub-sampling process. As shown, the spectrum is a comb signal with a frequency spacing ( MHz in the numerical example of Fig. 3 )
At Point D, a wide spectrum resulting from multiple mixing products between the RF spectral components and the local oscillator (LO) spectral components is obtained.
At Point E, we get a low-pass filtered IF spectrum, which is a low-frequency copy of the RF input spectrum. In the numerical example of Fig. 3 , the frequency of the filtered spectrum is equal to 0.4 MHz. The frequency is the result of the mixing between ( GHz) and MHz with ( MHz). The frequency of the filtered spectrum is equal to 0.8 MHz and is the result of the mixing between ( GHz) and GHz with ( MHz). As depicted in Fig. 1 , the filtered IF signal is then digitized using high-dynamic range ADCs (50 MHz; in our case, 14 bits).
The maximum sub-sampling frequency of the LSNA is in the order of 25 MHz. The IF low-pass filter bandwidth is in the order of 10 MHz. This instrument can be used to measure periodic microwave signals.
A block diagram of the complete LSNA test bench including two bidirectional couplers is depicted in Fig. 4 .
The basic relationships linking the measured data and the error corrected data of a two-port device are described as follows:
(1) Indices 1 and 2 represent the device port number, while is the frequency index. The relative error coefficients , , , , , , , and the absolute error terms ( and ) must be determined by a calibration procedure. As mentioned in Section I, this paper will not focus on the determination of , , , , , , , and using well-known SOLT, TRL, or LRRM relative calibrations and absolute power calibration. Instead, this paper focuses the determination of the term that requires a phase-calibration step, which is the most problematic for the time-domain measurements of wideband multisines. The phase calibration consists of determining the phase relationships between the RF components and the corresponding IF images shown in Fig. 5 .
For that purpose, the phase relationships between and , between and , and between and the th harmonic of must be perfectly known.
is an arbitrary phase reference, which can be set to 0. As a consequence, an HPR generator must be used and connected at plane 2 ( in Fig. 4 ) for the phase calibration of the setup. This is illustrated in Fig. 6 . During this phase calibration, the phase relationships , , and are measured and error correction terms , , and can be extracted. The frequency of the RF sinusoidal signal driving the HPR generator input can be tuned between 600 MHz-1.2 GHz. Therefore, it generates harmonic components at . is tuned such that is exactly equal to . is an integer and is the frequency of interest. The sampling frequency is generally tuned close to 20 MHz and must remain exactly the same during the calibration procedure and the device-under-test measurements. The phase values , , and at frequencies , , and , generated by the classical HPR generator, are perfectly known. Measuring , , and during the phase-calibration procedure enables the determination of the value of expressed in (1) and depicted in Fig. 5 . The values of are deduced from the following:
When the above sub-sampling technique is applied to the measurement of modulated microwave signals, having modulation bandwidths higher than 20 MHz, things become much more complicated. Effectively, in that case, descrambling techniques of the measured IF spectral components are necessary after downconversion.
In the following, a periodic modulated signal is represented by a multisine having a bandwidth larger than 20 MHz. If such a signal is applied to the RF input (Point C) depicted in Fig. 1 , the RF to IF conversion process performed by the LSNA is shown in Fig. 7 . Only spectral components falling in the 10-MHz bandwidth of the IF filter are measured by the ADC.
In Fig. 7 , the IF spectrum is the result of multiple mixing products of the th RF frequency ( ) and the th harmonic of . As an example, dotted lines in Fig. 7 illustrate double mixing of and with two successive harmonics of . Thus, the IF spectrum does not directly provide a low-frequency copy of the RF signal. Since the IF spectral components are scrambled, a descrambling technique is then required, as explained in [19] .
However, the main problem lies in the phase-calibration procedure of the system for such wideband signal measurements. We proposed a method of performing a phase calibration using a narrowband multisine reference generator to perform wideband measurements of interleaved IF signals [20] .
This method is complex and it suffers from propagation of errors such that the uncertainty of the phase increases when moving toward both edges of the modulation frequency range. A solution has been presented in [23] to address this problem using a pulsed modulation of the output signal to capture samples of the RF signal at very low frequencies. To avoid adding another modulation module in the LSNA, in this paper we propose another solution using an appropriate multisine reference generator for the calibration of the setup. This reference generator is a multisine having a fine frequency grid, which is 20 MHz for our work reported here. This is now presented in Section III. 
III. PRESENTATION OF THE PROPOSED METHOD

A. Description of the Principle
The key idea is, in fact, quite simple. It uses the LSNA for multisine measurements in the same manner as it is used for CW measurements. For CW measurements, we consider the carrier frequency and its harmonics during both LSNA calibration and device-under-test measurement. It means that a phase reference generator providing exactly and its harmonics is required for the phase-calibration step. The microwave source at and the synthesizer providing the strobe signal for harmonic sub-sampling are synchronized using a common 10-MHz reference signal. The sampling frequency is carefully chosen such that one of its harmonics is very close to [2] . Therefore, a well-conditioned frequency compression mechanism is achieved. Once the sub-sampling frequency is carefully tuned, it remains constant during both phase calibration and measurement.
The same process is used for multisine measurements having, for example, a 20-MHz frequency grid. This is described in Fig. 8 , where the 60-MHz bandwidth RF signal consists of four tones with 20-MHz frequency spacing. It has a 1.63-GHz center frequency and a 10-MHz envelope frequency. The filtered IF image signal also consists of four tones. It has a 0.815-MHz center frequency and a 5-kHz envelope frequency. The frequency is tuned to 20.01 MHz for this configuration.
In such conditions, the phase calibration is performed using a new HPR generator providing harmonics of a 20-MHz sinewave, which corresponds to the tone spacing of the microwave multisine that we want to characterize. We have built this new phase reference generator combining a 20-MHz synthesizer, an amplifier, a step recovery diode, and a differentiator, as described in Section III-B.
It is very important to note here that the ADCs are triggered by a transistor-transistor logic (TTL) signal. The trigger frequency is linked to the fast Fourier transform grid ( ) used for spectral calculation integer
with (4) where and are, respectively, the sampling frequency of the ADCs (different from the sub-sampling frequency ) and the number of recorded samples of the ADCs. One must also make sure that the period of the trigger signal equals the IF envelope period or an integer multiple of this period integer (5) with integer
From (3), (5), and (6), can be defined as
This trigger signal is synthesized with an arbitrary waveform generator phase locked with the 10-MHz reference generated by the multitone RF generator. Both phase and measurement configurations of the setup are, respectively, shown in Figs. 9 and 10.
In the numerical example of Fig. 9 , the sampling frequency of the ADC is set to 25 MHz. The number of samples is set to 25 000. This results in a 1-kHz frequency resolution.
The IF spectrum, which is an image of the RF spectrum, has four tones, as described in Fig. 8 at kHz, kHz, kHz, and kHz ( kHz). These four IF tones are the result of the harmonic mixing process realized, respectively, with the successive 80th, 81st, 82nd, and 83rd harmonics of . The frequency is set to 20.01 MHz in that case. The envelope period of the IF signal is equal to 200 s ( s kHz). Choosing equal to 5 and equal to 1 implies the use of a 200-s trigger signal ( s kHz). Fig. 11 shows a time-domain representation of the signal at the ADC output and a time-domain representation of the associated trigger signal.
The trigger signal ensures that the acquisition starting time is always the same in regard to the envelope of the signal (with the limitation of the phase jitter of the trigger signal). This is a key point of this measurement system that this trigger signal remains the same during the calibration and measurement steps. Using this technique, no scrambling occurs in the IF spectrum. The LSNA proceeds to an RF to IF multisine frequency translation and compression in the same manner as for a CW carrier and its harmonics.
B. Description of the Phase Reference Generator
The new HPR generator that has been built using parts of an microwave transition analyzer is described in Fig. 12 .
This newHPRisbasedontheuseof asteprecoverydiodedriven by a low-frequency sinusoidal signal, of which frequency is equal to the RF tone spacing ( ) of the multisine used for measurements. In our case, is 20 MHz. A nonlinear transmission line is added at the output of the step recovery diode to reduce the duration of the pulse and, in particular, the falling time of the pulse such that the output RF frequency bandwidth increases. The new HPR generator includes a 16-dB attenuator to obtain the appropriate desired peak voltage to protect the sampling gate when performing the phase calibration of the LSNA.
The output spectrum of this HPR generator is a comb signal and it has the same type of frequency response as the one used to feed the sampling head of the LSNA (LO port at point B in Fig. 1 ). In the frequency domain, the output of the new HPR is represented by harmonic components at .
C. Calibration Procedure of the Phase Reference Generator
The HPR has been calibrated on a dense 20-MHz frequency grid up to 4 GHz by NMDG using a 50-GHz sampling oscilloscope. The measurement setup is described in Fig. 13 .
It should be noticed that normally the 20-MHz excitation signal is used both as an input signal of the new HPR and as a trigger signal of the equivalent-time oscilloscope using a power splitter. However, to use exactly the same setup as during the phase calibration of the LSNA (which does not require a trigger signal, but a common 10-MHz reference signal), the setup is adapted such that the amplified 10-MHz reference signal of the CW synthesizer is used to trigger the sampling oscilloscope.
A 10-dB attenuator is added to the new HPR to avoid any nonlinearities introduced by the 50-GHz sampling oscilloscope. Afterwards, the 10-dB attenuator is deembedded based on its two-port -parameters.
As the maximum frequency of the HPR is 4 GHz, magnitude and phase distortion of the 50-GHz sampling oscilloscope can be reasonably neglected [3] , [4] . However, one must deal with errors due to the time base distortion and time base drift of the sampling oscilloscope. The offset and gain error of the sampling oscilloscope is eliminated by performing the built-in plug-in calibration up front, while the jitter is neglected. Indeed, assuming a symmetrical probability density function of the jitter, it is known that the jitter does not introduce any phase distortion [23] . However, it has a low-pass effect on the amplitude. Since only the phase information is used, this effect is not compensated for and, as such, the amplitude characteristic shown in Fig. 14 includes the low-pass effect of the jitter. The time base distortion is estimated [25] using a 100-ns time window, corresponding to two periods of the 20-MHz excitation signal.
In our experience, the known time base discontinuities are equal to 4 ns. Reference [26] is used to compensate for this distortion as part of the measurement of the pulse. Using two periods, one can verify if this correction is appropriate because one out of two spectral lines should be at the noise level after time base compensation.
Using the amplified 10-MHz reference signal of the synthesizer instead of splitting the 20-MHz excitation signal, it was found that it is essential to estimate and compensate the time base drift before averaging the measured pulse. Averaging is required to reduce the uncertainty on the measured phase of each spectral component. Fig. 15 shows that the fall time of the generated pulse equals 50 ps and indicates that spectral components are present up to 20 GHz.
As a sanity check, the obtained phase of each spectral component is compared to the one obtained when the 20-MHz excitation is also used as a trigger signal, resulting in a less pronounced time base drift.
Finally, although being very small for the considered frequency range, the mismatch of both the HPR generator and the sampling oscilloscope is taken into account. At the same time, the 10-dB attenuator used to avoid nonlinearities of the sampling oscilloscope itself is deembedded. As the final result of the calibration, two files are provided. One file contains the phase in- This HPR generator is used during the phase-calibration step of the LSNA, configured as described in Section III-A. The principle of the phase-calibration step is exactly the same as the one previously described in Section II. The phase relationships between all the frequency components at the output of the new HPR generator are known based on the above calibration procedure of the HPR generator itself.
IV. MEASUREMENT RESULTS
Two types of measurements will be examined for the two following applications:
• two-tone measurements for the intermodulation characterization of the power amplifier; • three-and five-tone measurements to validate a possible future use for the multipactor characterization in multicarrier satellite payloads.
A. Phase Measurements of Power Amplifier Intermodulation Products
A 2-W output power 30-dB gain 50-power amplifier at 1.6 GHz has been measured. The amplifier is excited by a twotone signal generated by a Rohde & Schwarz SMU200A source, as sketched in Fig. 16 . The tone spacing is equal to MHz. The calibration procedure has been performed at four different frequencies GHz, GHz, GHz, and GHz corresponding to a 60-MHz total RF bandwidth. Table I indicates the parameter settings for this two-tone characterization.
The configuration of the test bench is the same as the one used for the calibration procedure. Harmonics of carriers are not considered in this study.
The LSNA input range is fixed for all input powers, resulting in a dynamic range of 52 dB. If desired, this dynamic range can be improved by increasing the number of acquisition points . Fig. 17 shows the measured power characteristics of the amplifier under test driven by a two-tone signal. Fig. 18 represents the incident wave at GHz, GHz versus input power at GHz. Fig. 19 represents the transmitted wave at the amplifier output at GHz and GHz versus input power. Fig. 20 represents the variation of the magnitude and phase of the output voltage waveforms at GHz and GHz versus input power at GHz. Due to the noise level, the phase is irrelevant for input powers at smaller than 6 dBm. The magnitude and phase information of at GHz and GHz can be very useful for very linear power amplifier design [24] and for the behavioral modeling of nonlinear devices with memory [25] . Fig. 21 depicts the configuration of the measurement system to perform the phase measurements of a multisine, which consists of five tones with a 20-MHz ( ) tone spacing. The center frequency is 1.6 GHz. The resulting signal has a bandwidth of 80 MHz and is generated using the Rohde & Schwarz source SMU200A. The magnitude of each tone is set to 1 V and the phase is set to 0 . Table II indicates the modified parameter settings compared in Table I for the five-tone multisine measurement. Fig. 22 shows LSNA measurement results of the signal present at plane .
B. Phase Measurements of Multisines
A 0.7-V peak voltage and a 7.2-ns pulsewidth are measured. It corresponds to a 13-dBm average power of the multitone RF source.
The linear phase variation observed in Fig. 22 versus frequency is due to the time delay introduced by the RF cable and TABLE II  MODIFIED PARAMETER SETTINGS FOR FIVE-TONE  MULTISINE MEASUREMENT connections between the SMU200A source and the reference plane . Using the same setup as the one depicted in Fig. 21 , a threetone multisine has been measured. The tone spacing is then set to 40 MHz ( MHz). The magnitude of each tone is set to 1 V and the phase is set to 0 . The configuration of the LSNA and its calibration remains the same as for the measurement of the five-tone signal. Table III presents the modified  parameter settings compared in Table II for the three-tone multisine measurement.
Measurement results of at plane are given in Fig. 23 . The maximum voltage is now equal to 0.54 V, while the pulsewidth decreases to 5.2 ns for a given 13-dBm average output power of the multitone RF source. The linear phase variation versus frequency (Fig. 23) is also introduced by constant group delay of RF cables and connections between the SMU200A source and the reference plane
It is very important to show the possibility to measure multisines with 40-MHz spacing, as it corresponds to real conditions in satellite payloads. It is also important to point the potential application to the characterization and the modeling of nonlinear devices.
C. Comparison Between LSNA and Digital Sampling Oscilloscope Measurements of Wideband Multisines
To compare the proposed approach described in this paper with digital sampling oscilloscope techniques, we have performed measurements of the five-tone signal previously characterized with a 40-GS/s-12-GHz bandwidth-8-bit digital sampling oscilloscope (Agilent Infinium 81204B), as depicted in Fig. 24 . Fig. 25 shows the digital sampling oscilloscope measurements of the five-tone multisine (80-MHz bandwidth) at the reference plane .
A 0.7-V peak voltage and a 7.9-ns pulsewidth are measured. It corresponds to an output power of the multitone RF source of 16.2 dBm. The linear phase variation observed in Fig. 25 versus the frequency is due to the time delay introduced by the RF cable and connections between the SMU200A source and the reference plane . Fig. 26 gives a comparison between the LSNA and digital sampling oscilloscope.
A maximum magnitude difference of 0.08 V can be observed. A constant phase offset (in the order of 60 ) is observed between the two measurements. It corresponds to different phase settings of the internal LO of the signal generator for two different experiments and measurements. The signal generator (SMU200A source) has been switched off and on between LSNA measurements and oscilloscope measurements. If one removes this constant phase offset, one obtains the phase difference between the five tones versus the frequency plotted in Fig. 27 .
For the LSNA measurements, a 1.8 maximum phase variation is observed around a mean value of 40.25 , while a 3.1 maximum phase variation is observed around a mean value of 40.6 for digital sampling oscilloscope measurements. This comparison between the direct oscilloscope measurements and the measurements performed with the LSNA calibrated with the new HPR generator demonstrates the effectiveness of the approach proposed in this paper to extract waveforms of wideband multisines. 
V. CONCLUSION
A fully calibrated measurement technique that enables phase and magnitude measurements of wideband multisines has been presented in this paper. This measurement technique is based on the use of an LSNA with a phase-calibration procedure using a new standard calibration. This technique has been compared to a direct digital sampling oscilloscope measurement. The effectiveness of the LSNA measurement technique has been demonstrated.
20-or 40-MHz frequency grid multisines have been characterized and used as test signals as they correspond to channel frequency spacing in some satellite payloads.
The measurement principle has been validated for an 80-MHz bandwidth signal at the -band. It can be extended to 250-or 500-MHz bandwidths at the -band required for multipactor experiments in satellite payloads [27] . For that purpose, a very wideband source is needed in order to extend this study and to characterize the multipactor effect in OMUX satellite payloads.
Another topic of interest is the characterization of wideband high-power amplifiers in the order of 100 W. In such high-power amplifiers, memory effects will be more pronounced and, as a consequence, they require accurate magnitude and phase asymmetry characterization of intermodulation products. In January 2000, he joined the Centre National d'Etudes Spatiales (CNES) (French Space Agency), Toulouse, France, where he is currently involved in microwave research activities that are mainly oriented toward microwave breakdown within space components, microwave filters, and traveling-wave tubes.
